Background-free methods have potentially superior detection sensitivity because of their ability to take advantage of the full laser power; they are therefore attractive to spectroscopists. We implement background-free Fourier transform spectroscopy based on coherent suppression of the background using an interferometer, whereby the central peak of the interferogram is suppressed without losing molecular absorption signatures. This results in the appearance of peaks rather than dips in the measured spectrum. The technique can be used with a variety of broadband spectroscopies and features advantages such as a reduction in the required detector dynamic range, the capability to perform quantitative measurements, and strongly enhanced sensitivity down to the quantum limit. We validated our method experimentally by performing mid-infrared dual-comb spectroscopy with a mixture of multiple molecular species over a broad wavelength range of 3-5 μm.
INTRODUCTION
Absorption spectroscopy is a powerful tool for detecting trace amounts of atoms, molecules, and ions. It relies upon light attenuation caused by resonant absorption. Detecting trace amounts of absorbents, such as gaseous molecules with low, part per billion (ppb) to part per trillion (ppt), concentrations imposes strict requirements on the stability of the laser output since shallow absorption dips in the spectrum may not be seen due to laser spectral density fluctuations.
Background-free spectroscopy methods are most attractive for ultrasensitive detection, because requirements for the laser stability are considerably relaxed. The existing background-free (BF) laser spectroscopic techniques include photoacoustic spectroscopy [1, 2] , Faraday rotation spectroscopy [3, 4] , and laser-induced fluorescence spectroscopy [5, 6] . However, they have their own drawbacks. For example, photoacoustic spectroscopy cannot be used at low gas pressures and the access to narrow (e.g., Dopplerbroadened) resonances is limited; in addition, the photoacoustic efficiency strongly varies between different molecules, which makes quantitative measurements difficult. On the other hand, Faraday rotation spectroscopy is applicable only to a small class of molecules, radicals such as the NO molecule, and laser-induced fluorescence spectroscopy is mostly limited to the visible and UV ranges.
In this paper, we propose a BF method in which the background that does not carry spectroscopic information is eliminated through interferometric suppression with a sign-inverted waveform. The most salient features of our method are applicability to any absorbing media, exceedingly relaxed constraints for the dynamic range of an optical detector plus data acquisition system, capability for quantitative analysis, and superior sensitivity that can reach the quantum limit.
To a great extent, the inspiration for our method came from advanced laser-based gravitational wave detectors that use a Michelson-type interferometer operating close to a dark fringe, such that transmission of the "carrier" laser light to the output port is strongly suppressed [7] . Also, our method bears resemblance to the dual-beam interferometry, in which the lower spatial frequencies of a background field are interferometrically suppressed, thereby enhancing the detectability of localized sources [8] , and is similar to prior demonstrations of single-frequency quasi-zerobackground tunable laser absorption spectroscopy performed in a narrow range of frequencies [9, 10] . Likewise, we were motivated by the work of Ref. [11] , where the authors proposed frequencycomb spectroscopic measurements based on an interferometer, with suppression of the background by adjusting the path difference between the interferometer arms. However, tuning the path difference can adjust the relative phase only locally in the frequency space, and no procedure was described on how to preserve the relative phase of π radians over a large span of frequencies. Several papers were published on noise reduction in Fourier transform spectroscopy (FTS) using electronic differential processing of the signals from separate balanced photodetectors, or phase-sensitive detection on a single detector (see [12] and references therein). We emphasize that the main feature of our method is coherent adding optical fields rather than signals from square-law detectors.
The advantages of our BF technique become especially noticeable when applied to broadband dual-comb spectroscopy-a time-coherent version of FTS [13] . Combining two phase-locked frequency combs into a spectrometer allows fast and broadband measurements, clearly surpassing conventional FTS in speed, spectral resolution, and absolute frequency accuracy [14, 15] . Yet, the sensitivity of a broadband dual-comb spectrometer is limited by fluctuations of the optical spectral density and, for example, absorption spectroscopy with tunable lasers can reach higher sensitivity, although at the expense of smaller spectral coverage [16] . In dual-comb spectroscopy, the signal is in the form of periodic interferograms with a period of 1∕Δf rep (ms to μs range), where Δf rep is an offset of repetition frequencies (f rep ) between the two combs. Molecular absorption features reveal themselves as a free-induction decay in the form of periodic oscillations that originate from the rephasing of the multiply excited rovibrational states. The information on the molecular absorption resides in the low-amplitude tails of the interferogram, with the amplitude being orders of magnitude smaller than that of the central peak. This imposes severe constraints on the dynamic range of both a photodetector and a data acquisition system.
APPROACH
The essence of our approach is to eliminate the central peak of the interferogram by coherently combining the optical waveform with its sign-inverted replica that was not affected by the absorbent. This can be done by several methods, including the use of a broadband dark-fringe Michelson interferometer, as illustrated in Fig. 1 . The design of Fig. 1 (a) uses a symmetric beamsplitter (BS) made of a thin (< λ) dielectric, e.g., a pellicle, so that both surfaces contribute to the reflection. A reflective 1∶1 telescope in one of the arms flips the phase by π radians due to the Gouy phase shift. The design of Fig. 1 (b) uses a thick dielectric plate (ideally with a high refractive index) as a beamsplitter; the asymmetry arises from the fact that the internal and external reflections from the BS interface differ in phase by π [17] . (A compensating plate of the same thickness needs to be added to one of the arms to equalize group dispersion between the two arms.) In both cases, an absorbing "sample" cell is placed in arm 1 of the interferometer and an identical "reference" cell is placed in arm 2. Such an optical system works as a balanced detector: any extra absorption in the "sample" cell results in the appearance of a signal. For the broadband performance, all parameters such as group delay, group delay dispersion, and optical field amplitudes in both arms need to be balanced. This imposes strict constraints on the tolerance with respect to the thickness of the optical elements (down to a few μm).
In a transmission experiment, the intensity transmission function at a given optical frequency is T ν e −Aν , where Aν is the intensity profile of the spectral line (absorbance) with the peak value A 0 . For A 0 ≪ 1, the fractional decrease of the spectral power at the line center is A 0 . If the optical power at the detector is high enough, so that the laser noise dominates, the signalto-noise ratio (SNR) is A 0 ∕σ, where σ is a relative standard deviation of the optical power spectral density. In our BF measurement, the two interfering waveforms are balanced in amplitude and have opposite signs. In addition, the first beam passes through an absorber. For A 0 ≪ 1, the electric fields for the two beams at the absorption line center are
Here, δ ≪ 1 is an E-field unbalance factor (assume δ is real for now), and P 0 ∼ E 2 0 is the associated comb-mode power. The total field is
and the comb-mode power reaching a photodetector is
For the most interesting case of detecting weak absorption features, A ≪ δ, the last term can be neglected. In this case, the dominating first term (P 0 δ 2 ) plays the role of a local oscillator and represents a fluctuating background, while the second term is the BF signal that mimics the absorbance spectrum Aν. The signal-to-noise ratio is then
where P N ,las σP 0 δ 2 is associated with the laser noise, P N ,shot is the quantum (shot) noise of the laser power at the detector, and P N ,det is the photodetector noise equivalent power. (We estimated that in our experiment, the detector noise becomes dominant when the total optical power at the detector is less than 0.3 mW.) When the laser noise dominates, SNR 1∕δA 0 ∕σ. Hence, with reduction of the unbalance factor, SNR increases as 1∕δ. However, this comes at the expense of reducing (as δ 2 ) the optical power reaching the detector. Even if we neglect the detector noise, at some point the shot noise P N ,shot ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi P 0 δ 2 hνΔf p will dominate, and SNR will no longer improve with reducing δ (here, hν is the photon energy and Δf is the detection bandwidth; we also assumed unit quantum efficiency). To ensure that SNR still increases with reducing δ, one needs to scale up the laser power, which translates into P N ,las > P N ,shot or P 0 > hνΔf ∕σδ 2 . In fact, at a given laser power, the unbalance factor δ can be optimized for the best performance [9] . This is analogous to offsetting from the interferometer dark fringe that is used to improve the sensitivity of advanced gravitational wave detectors [7] . Since in frequency comb spectroscopy the spectrum is sampled by comb modes, our estimate for P 0 refers to the power per comb mode. Fig. 1 . Two examples for BF spectroscopic detection using a darkfringe Michelson-type interferometer with (a) a symmetric beam splitter (BS) and (b) a telescope in one arm that flips the phase by π radians. In (b), an asymmetric BS (a dielectric plate) is used, whereby the external and internal reflections have the relative phase shift of π. The inset (based on our real interferograms) is the electric-field representation of the dark-fringe interference.
In our case, we have some 260,000 comb lines at the −3 dB level; hence, the total comb power needs to be P total > 0.8 mW for δ 0.1, >78 mW for δ 0.01, and as high as 7.8 W for δ 0.001. We assume that in our dual-comb experiment the comb is centered near λ ≈ 4 μm, σ 0.3 for a single interferogram with no averaging, and Δf 60 MHz.
EXPERIMENT
For testing our method, we used a mid-IR dual-comb system described in detail in [15] . Briefly, the system (Fig. 2) consisted of two identical and phase-locked GaAs subharmonic optical parametric oscillators (OPOs) pumped in turn by two optically referenced, phase-locked thulium-fiber laser frequency combs. The main parameters of the dual-comb system were instantaneous spectral span 3.14-5.45 μm (at −25 dB), repetition rate f rep 115 MHz, Δf rep 138.5 Hz, and spectral resolution 0.0038 cm −1 . The outputs of the two OPOs were combined on a pellicle Thorlabs BP145B4 beamsplitter (BS1 in Fig. 2 ) such that one of the outputs was used to trigger the data-acquisition system, while the other (with 7 mW of the combined average power) was directed to the BF interferometer. For detecting dual-comb interferograms, we used a fast (60 MHz) cooled (77 K) InSb detector. The optical spectra were retrieved from the interferograms via fast Fourier transform [15] .
The Michelson interferometer for our BF spectroscopy utilized a 50∶50 Thorlabs BSW511 beamsplitter (BS2 in Fig. 2 ) on a wedged (0.5-deg) 5-mm-thick CaF 2 substrate (flatness λ∕8 at 633 nm), with dielectric coating on the front surface designed for the 1-6 μm range. Ideally, the beamsplitter would be an uncoated dielectric plate which gives the desired phase difference of π. However, since the Fresnel reflection of CaF 2 is low, for this pilot demonstration we used a coated BS with unspecified phase relation between internal and external reflections. We used the same type CaF 2 wedged substrates as windows in our 80-mm-long sample and reference gas cells (Fig. 2) . One of the two gold-coated interferometer end mirrors (flatness λ∕10) was mounted on a motorized translation stage for adjusting the optical path difference (OPD) to zero, whereas piezo actuators (PZT) were used on both mirrors for fine-tuning and active stabilization of the OPD against thermal fluctuations, to achieve the interferometer dark-fringe output. We used the "dither-and-lock" method for OPD stabilization, with a servo loop time constant of ∼1 s. The best background suppression achieved in the darkfringe mode was 250, that is, the peak-to-peak amplitude of the interferogram was 0.4% of the one when the second arm was blocked. Figure 3 displays the results of the dual-comb spectral measurements performed over the whole 3-5-μm "instantaneous" spectrum. The "sample" cell was filled with a mixture of five molecular gases with the following volume mixing ratios: CO (0.25%), C 2 H 6 (0.20%), C 2 H 4 (0.35%), CH 4 (0.22%), and N 2 O (0.12%) in an N 2 buffer gas at 120 mbar total pressure, while the "reference" cell was evacuated. One measurement [ Fig. 3(a) ] was taken in the transmission mode (T-mode), while the other [ Fig. 3(b) ] was taken in the background-free mode (BF-mode). Both plots correspond to ∼20,000 coherently averaged dual-comb interferograms (measurement time 145 s). In the T-mode, the spectrum was taken by blocking the interferometer "reference" arm. In order to avoid detector saturation, the total optical power reaching the detector was reduced to 150 μW by 1∶10 beam attenuation. In the BF-mode, the power at the detector (suppressed due to the dark-fringe interference) was ∼50 μW, and no beam attenuation was used. This power was a few times below the optimal for detector performance. One can see from Figs. 3(c) and 3(d) that there is a good correlation between absorption peaks pointing down (T-mode) and up (BF-mode), except for the region 2300-2400 cm −1 associated with strong CO 2 absorption in room air.
RESULTS AND DISCUSSION
Due to their interferometric nature, our BF measurements are phase-sensitive. To simulate BF lineshapes, we used the complex representation of absorption spectral lines, to include dispersion of the refractive index. The latter is connected to the intensity absorption spectrum via the Kramers-Kronig relations and can be retrieved numerically from a known absorption spectrum. For p ∼ 100 mbar gas pressure used in our experiment, we were able to use a simple Lorentzian line profile and write a complex transmission function for the optical E-field in the form tν exp− A 0 ∕2 1iν−ν 0 ∕γ , where A 0 ∕2 is the amplitude loss at the center frequency ν 0 , and γ is the line half-width. The unbalance factor δ should also be written in the complex form δνe iφν , to take into account the fact that the relative phase between the two arms can deviate from π in some spectral regions. Thus, the laser power at a given comb mode seen by a detector is
where P 0 corresponds to the case when the "signal" arm is blocked. A normalized BF spectrum then takes a general form: Research Article arms (φ ≠ 0) possibly caused by dispersion in the beamsplitter or unbalanced thicknesses of the optical elements. We note that our BF method is quantitative in the sense that, by fitting Sν spectra using spectral libraries and known δν and φν (both are the property of the interferometer itself ), one can extract absolute absorbances and, hence, absolute analyte concentrations.
Despite the limited optical power (at the time of the experiment, the dual-comb system was configured for a low-power output), we observed a considerable 3-10 times SNR improvement with the BF technique. The insets to Figs. 3(c) Fig. 3(c) ] are not present in the BF-mode [ Fig. 3(d) ].
CONCLUSION
We present and experimentally validate a new method for background-free and quantitative spectroscopy based on interferometric suppression with a sign-inverted waveform, a promise of significantly enhanced detection sensitivity, and reduced requirements for the detector dynamic range. In this pilot demonstration, we have demonstrated a noticeable SNR improvement over the transmission-mode measurements, despite the fact that the quality of the off-the-shelf optics prevented us from achieving a uniform (over frequency) dark-fringe contrast, and also despite the limited optical power. Watt-level broadband mid-IR frequency combs reported recently by several groups [19] [20] [21] would be beneficial to achieving quantum-limited detection in future. Finally, we consider our background-free method to be applicable to a variety of broadband spectroscopic techniques: from traditional FTS using incoherent sources, FTS using frequency combs, frequency-comb spectroscopy with virtually imaged phase arrays, and coherent dual-comb spectroscopy to tunable-laser spectroscopy and time-domain spectroscopy with electro-optic sampling. 
